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a b s t r a c t
Annual changes to climate extreme indices in Georgia (Southern Caucasus) from 1971 to 2010 are
studied using homogenized daily minimum and maximum temperature and precipitation series.
Fourteen extreme temperature and 11 extreme precipitation indices are selected from the list of core
climate extreme indices recommended by the World Meteorological Organization – Commission for
Climatology (WMO-CCL) and the research project on Climate Variability and Predictability (CLIVAR) of
the World Climate Research Programme (WCRP). Trends in the extreme indices are studied for 10
minimum and 11 maximum temperature and 24 precipitation series for the period 1971–2010. Between
1971 and 2010 most of the temperature extremes show signiﬁcant warming trends. In 2010 there are
13.3 fewer frost days than in 1971. Within the same time frame there are 13.6 more summer days and
7.0 more tropical nights. A large number of stations show signiﬁcant warming trends for monthly
minimum and maximum temperature as well as for cold and warm days and nights throughout the
study area, whereas warm extremes and night-time based temperature indices show greater trends than
cold extremes and daytime indices. Additionally, the warm spell duration indicator indicates a signiﬁcant
increase in the frequency of warm spells between 1971 and 2010. Cold spells show an insigniﬁcant
increase with low spatial coherence. Maximum 1-day and 5-day precipitation, the number of very heavy
precipitation days, very wet and extremely wet days as well as the simple daily intensity index all show
an increase in Georgia, although all trends manifest a low spatial coherence. The contribution of very
heavy and extremely heavy precipitation to total precipitation increased between 1971 and 2010,
whereas the number of wet days decreases.
& 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-SA
license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
1. Introduction
The globally averaged surface temperature data shows a linear
warming trend of 0.85 1C [0.65 to 1.06 1C] during the period 1880–
2012. The total increase between the average of the 1850–1900
period and the 2003–2012 period is 0.78 1C [0.72 to 0.85 1C], based
on the single longest dataset available (IPCC, 2013). Climate
extremes receive much attention as trends in extreme events
react more sensitively to climate change than mean climate, and
therefore have a more intense impact on natural and human
systems. (Katz and Brown, 1992; Easterling et al., 1997, 2000;
Kunkel et al., 1999; New et al., 2006; IPCC, 2007; Aguilar et al.,
2009). The IPCC (2012) stated that there is a high conﬁdence
economic losses from weather- and climate-related disasters have
increased during the last 60 years and will have greater impacts on
sectors with closer links to climate, such as water, agriculture and
food security, whereas the highest fatality rates and economic
losses caused by hydro-meteorological induced disasters are
registered in developing countries. On a global scale, temperature
indices demonstrate a signiﬁcant warming during the 20th cen-
tury, citing the highest trends for the most recent periods and for
minimum temperature indices. However, trends in extreme pre-
cipitation illustrate a much lower spatial coherence, yet on a global
scale a signiﬁcant wetting trend could be detected, whereas the
number of consecutive dry days shows very different regional
changes (Frich et al., 2002; Alexander et al., 2006). Since the 1990s,
various regional studies pertaining to temperature and precipita-
tion extreme indices have been conducted which provide strong
evidence that global warming is related to signiﬁcant changes in
temperature and precipitation extremes. (Zhang et al., 2000;
Manton et al., 2001; Peterson et al., 2002; Aguilar et al., 2005;
Grifﬁths et al., 2005; Zhang et al., 2005b; Haylock et al., 2006;
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Klein Tank et al., 2006; Alexander et. al, 2006, Skansi et al., 2013).
Climate extreme indices have also been computed and analyzed
for projected future climate conditions based on simulations by
Global Climate Models (GCMs) (Sillmann, 2013a and 2013b; Russo
and Sterl, 2011; Tebaldi et al., 2006; Alexander and Arblaster,
2009; Kharin et al., 2007; Orlowsky and Seneviratne, 2012).
Extreme precipitation and extreme warm temperature are both
predicted to increase while extreme cold temperatures will
become more moderate. The results also suggest that climate
models cannot overcome uncertainties for projecting future
changes in extreme events, especially concerning the regional
scale with complex physiographic conditions. For that reason,
analyzing changes in extreme climate events based on observation
data is essential. Developing and transition countries such as
Georgia face a number of political, ﬁnancial and institutional
barriers for a proper climate data monitoring system, including
limitations on funding, technology and human resources (Page et
al., 2004). After the collapse of the Soviet Union in the early 1990s
the number of meteorological stations in Georgia rapidly
decreased and the lack of station maintenance caused large
measuring gaps. The quality and quantity of accessible climate
series still limit our understanding of the observed changes in
climate extremes in Georgia. So far, studies on changes in climate
and climate extremes have been carried out based on monthly
temperature data and associated weather and climate phenomena,
such as drought, hurricanes and frost (Elizbarashvili, 2007,
2009, 2011, and 2012). Elizbarashvili (2013) discovered that
the frequency of extremely hot months during the 20th century
increased, especially over Eastern Georgia, whereas extremely cold
months decreased faster in the Eastern than in the Western region.
In addition, highest rates for positive trends of mean annual air
temperature can be observed in the Caucasus Mountains. The aim
of this study is to provide a better understanding of recent changes
in the variability, intensity, frequency and duration of climate
extreme events across Georgia by investigating trends in selected
daily temperature and precipitation extreme indices between1971
and 2010 using the software RClimDex 1.1 (Zhang and Yang, 2004).
This is achieved by calculating a set of 25 ETCCDI climate extreme
indices from homogenous daily weather data and estimating
linear trends. Standardized anomalies of those trends are also
investigated. The indices of temperature and precipitation
extremes considered in the present study are recommended by
the Expert Team on Climate Change Detection Indices (ETCCDI).
Section 2 of the current study describes the study area, the quality
criteria of the data selection, quality control, homogenization, the
climate extreme indices and the analytical methods used in this
study. Section 3 presents and discusses the observed regional
trends for the analysis period 1971–2010 as averaged regional
trends from anomalies and regional trends per decade for each
index. Section 4 summarizes the conclusions.
2. Data and methods
2.1. Study area
Georgia is located in the Southern Caucasus between 41 and 441N
and 40 and 471E and covers an area of 69.700 km² (Figs. 1 and 2).
It borders Russia to the North, Azerbaijan to the Southeast and
Armenia and Turkey to the South. The topographic patterns
throughout Georgia are very diverse. The relief declines from the
Greater Caucasus Range in the North, with an elevation range of
1500–5000 m and the Lesser Caucasus with altitudes up to
3500 m in the South towards Transcaucasia, which stretches from
the Black Sea coast to the Eastern steppe. The Surami mountain
chain with a maximum altitude of 1000 m connects the Lesser
Caucasus with the Greater Caucasus and divides Transcaucasia into
eastern and western lowlands (0–500 m). The Greater Caucasus
represents an important climatic parting line towards Russia. It
protects Transcaucasia from arctic high-pressure systems in winter
originating from the Central Asian Region. The Southern Caucasus
inhibits the summer heat from the Southeast. The Surami moun-
tain chain avoids wet air masses circulating from the Black Sea
towards the Caspian Sea causing high temperatures and humid
climate at the Western coast, continental climate in inner Trans-
caucasia up to very dry climate with high temperatures in the
eastern lowlands. Due to the complex annual large-scale circula-
tion and diverse physiographic patterns, large spatial and temporal
differences of temperature and precipitation over Georgia can be
observed. In general, the west of Georgia is characterized by mild
winters and hot summers with mean annual air temperatures of
13 to 15 1C and high annual precipitation values (1200–2400 mm).
The climate in eastern Georgia is continental with much lower
annual precipitation (500–600 mm in the lowlands) and a mean
temperature between 10 and 13 1C. In the mountainous areas
mean temperature covers a range of 5 to 10 1C and precipitation
varies from 800 to 1400 mm (World Bank, 2006).
2.2. Data, quality control and homogeneity testing
Daily minimum and maximum temperature and daily precipi-
tation for 88 stations were kindly provided by the National
Environmental Agency of Georgia (NEA). The analysis period
1971–2010 was chosen to investigate recent change in extreme
Fig. 1. Stations with daily time series of temperature minimum (orange dots) and maximum (red dots) and precipitation for the period 1971–2010.
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temperature and precipitation and to optimize the number of
signiﬁcant trends and data coverage throughout the study area.
Data quality and homogeneity testing as well as the detection and
adjustment of inhomogeneous time-series have been carried out
using the computer program RClimDex 1.1 and its software
package RHtestV3 (Wang et al., 2010a) is accessible at: http://
etccdi.paciﬁcclimate.org. As a ﬁrst step, temperature and precipi-
tation time series with more than 20% missing values within the
analysis period 1971–2010 were excluded. Outliers in the time
series have been identiﬁed and temporal consistency was tested
according to Aguilar et al. (2003). Unphysical values, such as
negative precipitation or maximum temperature lower than
minimum temperature were set to missing values. Twenty-six
precipitation series and 28 temperature minimum and maximum
series fulﬁlled all quality selection criteria. Observational climate
data can be inﬂuenced by different non-climatic effects, such as
the relocation of weather stations, land-use changes, adjustments
in instruments and observational hours (Peterson et al., 1998;
Aguilar et al., 2003). These effects result in inhomogeneity causing
a shift in the mean of a time series, which could result in ﬁrst
order autoregressive errors. Breakpoints are not customarily docu-
mented in metadata. If metadata does exist, it is often inaccessible
from archives, which has also been the case in this study. For the
present study only homogenous time series were used (Appendix).
In order to detect breakpoints in a data series the Penalized
Maximal F test was used, which is embedded in a recursive testing
algorithm (Wang, 2008a, 2008b). 28 minimum and maximum
temperature series showed 0.68 breakpoints on average. 10 mini-
mum and 11 maximum temperature series were tested homo-
genous. Daily precipitation series were tested using the software
RHtest_dlyPrcp package recommended by Wang et al. (2010b).
Two precipitation series were tested inhomogeneous and were
excluded from the further analysis.
2.3. Climate extreme indices and analytical methods
The Expert Team (ET) and its predecessor, the CCl/CLIVAR/
JCOMM Expert Team on Climate Change Detection and Indices
(ETCCDI) deﬁned 27 core climate extreme indices. The ETCCDI
indices agreed by the international community aim to monitor
changes in “moderate” extremes and to enhance studies on
climate extremes using indices that are statistically robust, cover
a wide range of climates, and have a high signal-to-noise ratio
(Zhang et al., 2011). The indices are calculated from daily tem-
perature and precipitation data (Karl et al., 1999 and Peterson et
al., 2001). From the core extreme indices 14 extreme temperature
and 11 extreme precipitation indices were selected for the present
study (Table 1). All trends for indices chosen have been calculated
annually using the software RClimDex 1.1.
Percentile indices were calculated using the standard reference
period 1971–2000 to make results easily comparable with other
studies using the same reference period. During the trend estima-
tion of the percentile-based indices, RClimDex 1.1 uses the boot-
strapping approach to avoid possible bias within the reference
period associated with the existing inhomogeneity (Zhang et al.,
2005a). Annual trends in temperature and extreme indices are
calculated for 10 temperature minimum, 11 temperature maximum
and 24 precipitation series. During the calculation process particular
data requirements must be met in order to calculate index values
using RClimDex. An annual value is considered as incomplete if
more than 15 days are missing in a year. A month will not be
calculated when Z3 days are missing, a year will only be calculated
when all months are present. A percentile-based index will only be
calculated if there is at least 70% data present within the reference
period. Additional ETCCDI-recommended standard criteria are
applied as described in the RClimDex user manual at: http://
etccdi.paciﬁcclimate.org/RClimDex/RClimDexUserManual.doc. After
quality testing, RHtestV3 was used to test data homogeneity. These
requirements for data completeness resulted in a ﬁnal number of
extreme indices shown in Table 1, which outlines index abbre-
viations, names, deﬁnitions, units and the number of stations for
which each index has been computed. The trend calculations in
the present study were performed for the period 1971–2010 in
order to optimize signiﬁcant results and data coverage through-
out the study area. The magnitude of trends was calculated using
the non-parametric Sen's slope estimator based on Kendall's tau
(τ) (Sen, 1968). The statistical signiﬁcance has been estimated
using the Mann-Kendall test, whereas in the present study a
trend was considered to be statistically signiﬁcant if it was less
than or equal to a level of 5% (Mann, 1945; Kendall, 1975). Results
at the 25% level are also presented, as per Nicholls (2001), The
annual slopes of trends were converted into slope per decade. In
addition, least-squared linear trends were calculated with respect to
a 1971–2000 reference period for averaged anomaly series for each
index, to provide an indication of annual ﬂuctuations and for
further scientiﬁc backup of the decadal trend or tendency calcu-
lated. Trends have only been calculated for an index if less than 20%
of the annual values were missing. The anomaly series were
calculated as follows:
xr;t ¼ ∑
nt
i ¼ 1
ðxi;txiÞ=nt ð1Þ
Fig. 2. Stations with daily time series of precipitation for the period 1971–2010.
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where is the xr;t is the regionally averaged index at year t; xi;t is the
index for station i at year t; xiis the index mean at station i over the
period 1971–2010; nt is the number of stations with data in year t.
In compliance with New et al. (2006), xi;t and xiwere standar-
dized by dividing them by the standard deviation of the respective
station to avoid the average series being dominated by stations
with high values and to make stations more comparable given the
diverse climatic conditions in Georgia. The 10-year moving aver-
age was also used to show the annual variation of climatic
extremes within the analysis period.
3. Results and discussion
3.1. Trends in temperature extremes
Average regional trends of frost days (FD, summer days (SU),
and tropical nights (TR) show signiﬁcant warming (Figs. 3a, g,
and j), whereas ice days (ID) show an insigniﬁcant but also
increasing trend (Fig. 3d). The trend per decade in the Georgia
average signiﬁcant at the 5% level for the annual number of frost
days is 3.3 days/decade; for ice days it is 1.0 days/decade; for
summer days this trend is 3.4 days/decade and for tropical nights
it is 1.7 days/decade (Table 2). Figs. 4a–d displays a high spatial
coherence of the regional warming trends, particularly for frost
days (FD) and summer days (SU). There are no cooling trends
signiﬁcant at the 5% or 25% level. The warming trend for FD is
signiﬁcant at the 5% (25%) level for 40% (80%) of all 10 stations
analyzed; the signiﬁcant warming trend for SU is achieved for 64%
(91%) of the stations. The warming trend for ID is signiﬁcant for 9%
(27%) of 11 stations, whereas for TR it is signiﬁcant for 20% (40%)
stations (Table 2). From the averaged trends per decade over
Georgia, there are 13.3 fewer frost days and 4.0 fewer ice days in
the year 2010 than in the year 1971. In the same time period there
are 13.6 more summer days and 7.0 more tropical nights.
All averaged anomaly series between 1971 and 2010 in the
annual number of cold nights (TN10p), warm nights (TN90p), cold
days (TX10p) and warm days (TX90p) show signiﬁcant warming
trends, whereas temperature minimum-based indices show larger
trends (Table 2). No signiﬁcant cooling trend is apparent (Fig. 4
c-f). For TN10p the warming trend is signiﬁcant at the 5% (25%)
level for 70% (80%) of all 10 stations analyzed. The trend per
decade averaged over Georgia in the annual number of cold days is
1.0 days/decade. For TX10p a warming trend at a slightly lower
rate of 0.8 days/decade can be observed (Table 2). The trend per
decade in the Georgia-average annual number of warm nights
amounts to 1.9 days/decade, whereas the trend for warm days
accounts for 1.2 days/decade. The considerable warming trend for
TN90p is signiﬁcant at the 5% (25%) level for 80% (80%) out of 10
stations. TX90p shows a warming trend with lower magnitude
than TN90p, which is also indicated by the standardized anomalies
series in Figs. 3h and i. 45% (82%) of the stations are decidedly
increasing for TX90p.
The cold spell duration indicator (CSDI) shows an insigniﬁcant
decreasing trend at a rate of 0.1 days/decade. However, the
warm spell duration indicator (WSDI) shows a strong signiﬁcant
warming trend in the regional averages, whereas the spatial
coverage of signiﬁcant trends for WSDI is much higher than for
CSDI (Figs. 4g and h). The moving average of the standardized
anomaly series of WSDI shows a pronounced ﬂuctuation between
1971 and 2010 (Fig. 3n). There is a steady trend until the mid-
1990s and a stronger increasing trend until 2010. The mean trend
over Georgia signiﬁcant at the 5% (25%) level for WSDI is
considerably positive at a rate of 1.7 days/decade for 55% (100%)
of all stations. The Georgia-averaged trend for CSDI is signiﬁcant
only at the 25% and amounts to 0.1 days/decade (Table 2),
whereas the trend of the anomaly series is weak and almost even
Table 1
ETCCDI temperature and precipitation indices selected for this study with index names, deﬁnitions, units and the number of stations per index for which trends were
computed for the period 1971–2010. The list of all core ETCCDI indices is given at http://etccdi.paciﬁcclimate.org/list_27_indices.shtml.
ID Index name Deﬁnitions Units Number of
stations
SU Summer days Annual count when TX(daily maximum)425 1C days 11
FD Frost days Annual count when TN(daily minimum)o0 1C days 10
ID Ice days Annual count when TX(daily maximum)o0 1C days 11
TR Tropical nights Annual count when TN(daily minimum)420 1C days 10
TXx Max Tmax Monthly maximum value of daily maximum temp 1C 11
TNx Max Tmin Monthly maximum value of daily minimum temp 1C 10
TXn Min Tmax Monthly minimum value of daily maximum temp 1C 11
TNn Min Tmin Monthly minimum value of daily minimum temp 1C 10
TN10p Cool nights Percentage of days when TNo10th percentile of 1971–2000 days 10
TX10p Cool days Percentage of days when TXo10th percentile of 1971–2000 days 11
TN90p Warm nights Percentage of days when TN490th percentile of 1971–2000 days 10
TX90p Warm days Percentage of days when TX490th percentile of 1971–2000 days 11
WSDI Warm spell duration indicator Annual count of days with at least 6 consecutive days when TX490th percentile of 1971–
2000
days 11
CSDI Cold spell duration indicator Annual count of days with at least 6 consecutive days when TNo10th percentile of 1971–
2000
days 10
Rx1day Max 1-day precipitation amount Monthly maximum 1-day precipitation mm 24
Rx5day Max 5-day precipitation amount Monthly maximum consecutive 5-day precipitation mm 24
SDII Simple daily intensity index Annual total precipitation divided by the number of wet days (deﬁned as PRCP4¼1.0mm)
in the year
mm/
day
24
R1mm Number of wet days Annual count of days when PRCP4¼1 mm days 24
R10mm Number of heavy precipitation days Annual count of days when PRCP4¼10 mm days 24
R20mm Number of very heavy precipitation
days
Annual count of days when PRCP4¼20 mm days 24
R95p Very wet days Annual total PRCP when RR495th percentile of 1971–2000 mm 24
R99p Extremely wet days Annual total PRCP when RR499th percentile of 1971–2000 mm 24
CDD Consecutive dry days Maximum number of consecutive days with RRo1 mm days 24
CWD Consecutive wet days Maximum number of consecutive days with RR4¼1 mm days 24
PRCPTOT Annual total wet-day precipitation Annual total PRCP in wet days (RR4¼1 mm) mm 24
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(Fig. 3m). All warm extremes (TN90p and TX90p, WSDI) show
higher trend magnitudes than those for cold extremes (TN10p
and TX10p, CSDI), implying asymmetric changes in lower- and
upper-tail extremes causing a rising temperature variance
(Figs. 3b, c, h, i, m and n). This ﬁnding is in agreement with earlier
studies (Klein Tank and Kon̈nen, 2003; Zhang et al., 2005b;
Fig. 3. Averaged regional trends for temperature indices: FD, TN10p, TX10p, ID, TNN, TXN, SU25, TN90p, TX90p, TR, TNX, TXX CSDI and WSDI for the period 1971–2010. R is
the correlation coefﬁcient of the linear trend. The dashed line is the 10-year moving average. (a) Frost days (FD). (b) Cool nights (TN10p). (c) Cool days (TX10p). (d) Ice days
(ID). (e) Monthly minimum of Tmin (TNN). (f) Monthly minimum of Tmax (TXN). (g) Summer days (SU). (h) Warm nights (TN90p). (i) Warm days (TX90p). (j) Tropical nights
(TR). (k) Monthly maximum of Tmin (TNX). (l) Monthly maximum of Tmax (TXX). (m) Cold spell duration indicator (CSDI). (n) Warm spell duration indicator (WSDI).
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Table 2
Georgia-averaged trends in temperature extreme indices for the period 1971–2010. Mean trends signiﬁcant at the 5% level are set in bold. The percentage of stations with
negative and positive trends for all stations and stations signiﬁcant at the 5 and 25% level for each index.
Temperature index Mean Range % of stations with neg. trends % of stations with pos. trends
sig. at 5% sig. at 25% all sig. at 5% sig. at 25% all
FD [days] 3.3 4.5 to -0.2 40 80 100 0 0 0
ID [days] 1.0 2.3 to 0.3 9 27 82 0 0 18
TN10p [days] 1.0 1.7 to 0.1 70 80 90 0 0 10
TX10p [days] 0.8 1.2 to 0.1 18 64 91 0 0 9
TNn [1C] 0.4 0.0 to 1.0 0 0 0 20 40 100
TXn [1C] 0.2 0.2 to 0.6 0 0 18 0 27 82
SU [days] 3.4 0.7 to 6.2 0 0 0 64 91 100
TR [days] 1.7 0.0 to 7.1 0 0 0 20 40 100
TN90p [days] 1.9 0.1 to 3.3 0 0 10 80 80 90
TX90p [days] 1.2 0.4 to 2.6 0 0 0 45 82 100
TNx [1C] 0.3 0.1 to 0.5 0 0 10 30 40 90
TXx [1C] 0.3 0.1 to 0.8 0 0 9 18 55 91
WSDI [days] 1.7 1.6 to 6.7 0 0 0 55 100 100
CSDI [days] 0.1 1.0 to 0.3 10 20 60 0 0 40
Fig. 4. Trends per decade in the (a) annual number of frost days (FD), (b) annual number of summer days (SU), (c) cold nights (TN10p), (d) warm nights (TN90p), (e) cold days
(TX10p), (f) warm days (TX90p), (g) cold spell duration indicator (CSDI) and (h) warm spell duration indicator (WSDI) for the period 1971–2010. Positive trends are
represented by upward, negative trends by downward triangles. The red color indicates warming trends, blue indicates cooling trends. Light blue and red triangles indicate
trends not signiﬁcant at the 5% level, white triangles are trends not signiﬁcant at the 25% level. (a) Frost days (FD). (b) Summer days (SU). (c) Cool nights (TN10p). (d) Warm
nights (TN90p). (e) Cool days (TX10p). (f) Warm days (TX90p). (g) Cold spell duration indicator (CSDI). (h) Warm spell duration indicator (WSDI)
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Moberg et al., 2006) demonstrating that warming since the 1970 s
is rather caused by the increases of warm extremes than the
decrease of cold extremes. All maximum and minimum tempera-
ture indices show an increasing trend (Fig. 3 e, f, k and l), while the
warmest night temperature (TNx) showed the only signiﬁcant
trend rate of 0.3 days/decade averaged over Georgia. The coldest
night temperature (TNn) showed a warming rate of 0.4 1C/decade.
For both indices the magnitude and the number of stations with
signiﬁcant trends were larger than for the warmest day tempera-
ture (TXn) and the coldest day temperature (TXx). The warming
trend for TXn accounts for 0.2 1C/decade (Table 2). For TXx the
positive trend is at a rate of 0.3 1C/decade (Figs. 3k and l). Trends in
temperature minimum indices (FD, TR, TNx, TNn, TN10p and
TN90p) are larger than those of their corresponding maximum
extremes (SU, ID, TXn, TXx, TX10p and TX90p) (Figs. 3a l). These
observations correspond to ﬁndings in previous studies relating
signiﬁcant changes in temperature extremes with warming. In the
case of minimum temperature indices, most increasing trends and
high signiﬁcance throughout the study areas were observed,
denoting that warming trends for night-time indices are larger
than for daytime indices (Manton et al., 2001; Peterson et al.,
2002; Aguilar et al., 2005; Grifﬁths et al., 2005; Klein Tank and
Kon̈nen, 2003; Klein Tank et al., 2006; New et al., 2006).
3.2. Trends in precipitation extremes
The signiﬁcance of trends in precipitation extremes from 1971–
2010 is much lower compared to temperature extremes. A large
proportion of stations experienced an increase for the number of
very heavy precipitation days, very wet and extremely wet days,
maximum 5-day precipitation and the simple daily intensity
index, although the percentage of signiﬁcant trend values was
very low (Table 3). A negative Georgia-averaged trend was
detected for the number of wet days (R1 mm) and the number
of heavy precipitation (R10 mm), yet the magnitude of trends for
R10 mm was very weak (Fig. 5b).
None of the precipitation indices showed signiﬁcance at the 5%
level. Thus, all station trends in the present study were indicated
for the 5 and 25% level. The Georgia-averaged trend of total wet-
day precipitation (PRCPTOT) was insigniﬁcant at a rate of 7.9 days/
decade, although the largest proportion of stations show a
signiﬁcant negative trend at the 5% level for 12% for all 24 stations
analyzed and the station trends show a low spatial coherence
distributed over Georgia and (Table 3 and Fig. 6a). In addition, the
trend of the standardized anomaly is very week. It shows a
decreasing trend until the end of the 2000s and increases again
at a higher magnitude (Fig. 5a). This is also the instance for the
number of wet days, heavy precipitation days and consecutive wet
days (CWD). However, R1mm and R10mm indicated a decreasing
trend of 0.8 days/decade and 0.1 days/decade, respectively,
whereas the trend for R10 mm is almost even (Figs. 5b and d).
The negative trend for R1mm is signiﬁcant at the 5% (25%) level for
18% (29%) of all stations analyzed. R10mm is signiﬁcant at the 5%
(25%) level for only 12% (12%) of the stations and those with
positive trends account for 12% (24%). For the number of very
heavy precipitation days (R20 mm) the Georgia-averaged trend of
0.3 days/decade was observed. It is signiﬁcant at the 5% (25%) level
for 6% (18%) of 24 stations (Table 3).
The increase of very wet days (R95p) and extremely wet days
(R99p) is continuous and stable (Figs. 5e and f). The Georgia-
averaged trend for R95p accounts for 7.5 mm/decade and for R99p
6.3 mm/decade, respectively, whereas the positive trend for R95p
is signiﬁcant at the 5% (25%) level for 0% (29%) and the trend for
R99p for 18% (35%) of the 24 stations analyzed (Table 3). The
ampliﬁed contribution of extreme precipitation to total precipita-
tion was studied by employing the example of Groisman et al.
(1999). The fraction of the annual averaged precipitation amount
due to very wet days increased by 23% for the period 1971–2010
(range 14% to 33%) (Fig. 7a). The average contribution of extremely
wet days increased at a rate of 7% (range 2–12%) (Fig. 7b). This
ampliﬁed response of extreme precipitation to total precipitation
is parallel to the increase of extreme precipitation events in the
context of global changes, whereas the tendency for an increase in
heavy daily precipitation events can also be found in regions with
projected decreases of total precipitation (Groisman et al., 2005;
Alexander et al., 2006; IPCC, 2007, 2012).
The maximum 1-day precipitation (RX1day) indicated an
insigniﬁcant increasing trend of 0.6 mm/decade signiﬁcant at the
5% (25%) level for 11% (21%) of all stations, although it has a very
low spatial coherence and even shows a slightly negative tendency
for the standardized anomaly series (Fig. 5g). However, maximum
5-day precipitation (Rx5day) demonstrated a positive trend at a
rate of 2.0 mm/decade between 1971 and 2010, which is signiﬁ-
cant at the 5% (25%) level for 11% (16%) (Table 3).
The Georgia-averaged simple daily intensity index (SDII) indi-
cates the most considerable and continuous trends (Fig. 5i) of all
precipitation indices. It has experienced a positive trend of
0.1 mm/day/decade signiﬁcant at the 5% (25%) level for 6% (24%)
of the 24 stations analyzed (Table 3). The trend for consecutive dry
days (CDD) is positive at a rate of 0.1 days/decade, which is in
accordance with the projections for the increase in dryness for the
Mediterranean area and central Europe (IPCC, 2012).The trend is
signiﬁcant at the 5% (25%) level for 6% (12%) of the stations, but the
number of stations with signiﬁcant trends has a very low spatial
coherence and the proportion of stations with negative and
positive trends is almost even (Table 3 and Fig. 5k). CWD showed
Table 3
Georgia-averaged trends in precipitation extreme indices for the period 1971–2010. Mean trends are signiﬁcant at the 25% level. The percentage of stations with negative and
positive trends for all stations and stations signiﬁcant at the 5 and 25% level for each index.
Precipitation index Mean Range % of stations with neg. trends % of stations with pos. trends
sig. at 5% sig. at 25% all sig. at 5% sig. at 25% all
PRCPTOT [mm] 7.9 58.0 to 56.9 12 29 41 0 29 59
R1mm [days] 0.8 12.4 to 3.1 18 29 71 6 12 29
R10mm [days] 0.1 2.1 to 2.1 12 24 47 6 12 53
R20mm [days] 0.3 1.2 to 2.5 0 18 24 6 18 76
R95p [mm] 7.5 37.4 to 59.0 6 18 29 0 29 71
R99p [mm] 6.3 14.2 to 28.4 0 6 35 18 35 65
Rx1day [mm] 0.6 8.4 to 7.4 5 16 42 11 21 58
Rx5day [mm] 2.0 9.7 to 9.7 0 0 32 11 16 68
CWD [days] 0.0 2.1 to 0.9 12 12 59 6 12 41
CDD [days] 0.1 1.8 to 3.9 0 6 59 6 12 41
SDII [mm/day] 0.1 0.3 to 0.6 6 12 24 6 24 76
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also a very weak trend of the standardized anomaly series and is
even at a rate of 0.0 days/decade, which is signiﬁcant at the 5%
(25%) level for 6% (12%) of the stations analyzed (Table 3).
4. Conclusions
This study analyzed changes in temperature and precipitation
extreme indices in Georgia based on daily minimum and maximum
temperature and precipitation series for the period 1971–2010. The
data was quality controlled and the temperature series was homo-
genized using the software RClimDex 1.1. Due to moderate data
quality many station series had to be rejected during the data
quality assessment and computation process of the ETCCDI extreme
indices, speciﬁcally, series of percentile-based precipitation indices.
A large number of temperature series were excluded from the study
due to inhomogeneity. Nevertheless, the study could improve the
understanding of recent changes in the variability, intensity, fre-
quency and duration of climate extreme events over Georgia.
Following changes for temperature and precipitation indices were
observed throughout the study area:
 There are signiﬁcant warming trends in the Georgia-average for
SU, FD, TR, TXx, TN90p, TX90p, TN10p, TX10p and WSDI
between 1971 and 2010.
Fig. 5. Averaged regional trends for precipitation indices: PRCPTOT, R10 mm, R20 mm, R1 mm, R95p, R99p, RX1day, RX5day, SDII, CWD and CDD for the period 1971–2010. R
is the correlation coefﬁcient of the linear trend. The dashed line is the 10-year moving average. (a) Annual total wet-day precipitation (PRCPTOT). (b) Number of heavy
precipitation days (R10 mm). (c) Number of very heavy precipitation days (R20 mm). (d) Number of wet days (R1 mm). (e) Very wet days (R95p). (f) Extremely wet days
(R99p). (g) Maximum 1-day precipitation (Rx1day). (h) Maximum 5-day precipitation (Rx5day). (i) Simple daily intensity index (SDII). (j) Consecutive wet days (CWD).
(k) Consecutive dry days (CDD).
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 No signiﬁcant cooling trend was found over Georgia for all
temperature indices.
 Most of the stations show signiﬁcant warming trends for TNx,
TNn TXx and TXn.
 The magnitude of trends for night-time indices (FD, TR, TNx,
TNn, TN90p, and TN10p) is more pronounced than those for
daytime (SU, ID, TXx, TXn, TX90p, and TX10p).
 Averaged trends show “asymmetric” changes in temperature
extremes, indicating a more pronounced increase in warm
extremes than a decrease in cold extremes.
 Although almost all extreme precipitation indices, such as
R20mm, R95p, R99p, Rx1day, Rx5day and SDII indicate an
increasing number and more intense extreme precipitation
events over Georgia during 1971–2010, the changes were not
statistically signiﬁcant.
 At the same time the number of wet and heavy precipitation
days (R1mm, R10mm) decreased
 The contribution of extreme precipitation to total precipitation
increased between 1971 and 2010.
Despite the small number of homogenous minimum and
maximum temperature series the study could present a high
proportion of signiﬁcant station and Georgia-averaged trends.
The study provided evidence that during the last 40 years Georgia
was particularly affected by warm extremes based on night-time
indices rather than by cold extremes based on day-time indices.
Fig. 6. Annual trends per decade in the (a) annual total wet-day precipitation (PRCPTOT), (b) simple daily intensity index (SDII), (c) maximum 1-day precipitation amount
(Rx1day), (d) number of very heavy precipitation days (R20 mm), (e) very wet days (R95p) and (f) extremely wet days (R99p) for the period 1971–2010. Positive trends are
represented by upward, negative trends by downward triangles. The red color indicates drying trends, blue indicates wetting trends. Light blue and red triangles indicate
trends not signiﬁcant at the 5% level, white triangles are trends not signiﬁcant at the 25% level. (a) Annual total wet-day precipitation (PRCPTOT). (b) Simple daily intensity
index (SDII). (c) Maximum 1-day precipitation (Rx1day). (d) Number of very heavy precipitation days (R20 mm). (e) Very wet days (R95p). (f) Extremely wet days (R99p).
Fig. 7. Contribution of extreme precipitation to total precipitation. Averaged regional indices series show the fraction of precipitation due to (a) very wet days (R95ptot%)
and (b) extremely wet days (R99ptot%). R is the correlation coefﬁcient of the linear trend. The dashed line is the 10-year moving average.
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Particularly warm days and nights and the warm spell duration
indicator showed pronounced warming during 1971 and 2010
indicating that an increase in the frequency, intensity and duration
of temperature extremes can be expected in future. However, the
sparse number of temperature stations made it impossible to
make reliable assumptions on trend patterns over Georgia. The
low signiﬁcance and spatial coherence of trends on precipitation
extremes made it also very difﬁcult to detect to provide signiﬁcant
evidence for spatio-temporal changes in extreme precipitation
indices during 1971 and 2010. In particular, precipitation patterns
over Georgia are very complex, inﬂuenced by the diverse topo-
graphy and large-scale circulation. Thus, a study on the relation
between large-scale circulation and changes in extreme tempera-
ture and precipitation is necessary with higher temporal resolu-
tion (seasonal or monthly) and at smaller spatial scales (e.g.
regional and local). A further study on annual and seasonal
changes in temperature over Georgia comparing different analysis
periods is already in preparation. In addition, future analyses are
planned to study the relationship between changes in atmospheric
circulation and their contribution to the observed trends in
temperature and precipitation extremes.
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